A furocoumarin intercalated between two base pairs of native DNA can photoreact with two pyrimidine bases engaging both its 4',5'-and its 3,4-double bond. This fact was evidenced studying the behaviour of the fluorescence acquired by DNA during irradiation at 365 nm. When this double reaction occurs, a cross-linking is formed between the two strands of DNA, as denaturation and renaturation experiments have demonstrated. The various furocoumarin derivatives have a very diverse ability to form cross-linkages, which is independent of their photobinding capacity. This different ability is due mainly to the structure of furocoumarins and to the steric relationships that the intercalated furocoumarin molecules have with the stacked pyrimidine bases. 
Both these two types of photoadducts derive from the addition of one pyrimidine molecule to one furocoumarin molecule. In recent times we have published a preliminary report 9 on some evidences indicating that psoralen (1) in photoreaction with DNA can react both with the 3,4-and 4 / ,5 / -double bond, giving therefore a third type of photoadduct 5-hydroxy-psoralen with J 14 CH3 11 . All other furocoumarins were tritiated, prepared by the Wilzbach method, as described elsewhere 12 . Specific radioactivity (disint/min per mmole) : 5-methoxy-psoralen (bergapten) 8.5 xlO 8 ; psoralen 4.26 x 10 8 ; 8-methoxypsoralen (xanthotoxin) 1.29x10®; 5-methyl-psoralen 2.01 xlO 9 ; 8-methyl-psoralen 2.65 xlO 9 ; 4,8-dimethylpsoralen 3.91 xlO 9 ; 5',8-dimethyl-psoralen 4.88 xlO 9 ; 4,5',8-trimethyl-psoralen 4.23 xlO 10 ; 4,4',8-trimethylpsoralen 1.7x10®; angelicin 3.1 x 10 9 ; 7-methyl-allopsoralen 4.76xlO 9 ; 4',5'-dihydropsoralen 3.71 x 10 9 .
Irradiation. All irradiations were performed placing 2 ml of the samples to be irradiated in glass calibrated tubes, 1.2 cm in diameter, immersed in a cell with glass walls, in which thermostatically controlled (22°) water circulated. Irradiation was made by means of two HPW125 Philips lamps, which emit almost exclusively at 365 nm, placed one on each side of the cell at a distance of 3.5 cm. The total incident radiation on the 2 ml of the solutions was equivalent to 2.9 x 10 16 quanta/sec 13 .
Fluorimetric measurements. For determining the fluorescence, 0.5 ml of the samples were diluted with 2 ml of 0.1 mol phosphate buffer pH 7.0 and examined in an Aminco-Bowman spectrophotofluorimeter.
Spectrophotometric measurements. An Optica CF4 spectrophotometer was used. For the determination of the denaturation and renaturation curves it was provided with the attachment for the determination of the optical density at various controlled temperatures. Quartz cuvettes with an optical path of 1 mm were used.
Radioactivity measurements. These were performed using a LS-150 Beckman liquid scintillation spectrometer: 0.2 ml of the samples were diluted with 1ml of water and added to 10 ml of dioxane base scintillator (PPO g 4, POPOP g 0.075, naphthalene g 120, dioxane up to 1000 ml).
Non-spontaneously renaturable fraction of DNA. Samples of 2 ml of aqueous 0.05% DNA solutions, containing 2 MM NaCl and lO^g/ml* of a labelled furocoumarin, were kept in the dark or irradiated at 365 nm. From 0.5 ml of the samples DNA was precipitated and washed as described in previous papers n ' 13 ' 14 ' 15 , to remove the excess of nonreacted compounds; DNA was then redissolved in 0.5 ml of water and its radioactivity was measured, thus determining the amount of linked furocoumarin. Table II .
The remaining volume of irradiated samples was introduced into glass tubes, which were sealed and heated by immersion in a boiling water bath for 10 minutes and then immediately immersed in an ice bath and kept there for 10 minutes. After this period, the sealed tubes were opened and the optical density of the solutions was measured at 260 nm, using quartz cuvettes having an optical path of 1 mm.
Determination of solubility in water and formation of molecular complexes with DNA. Small amounts (1.5 -2 mg) of the various labelled furocoumarins were finely ground and suspended in 10 ml of water or in the same volume of a 0.1% DNA aqueous solution containing 2 MM NaCl. The suspensions were shaken for 4 hours in a thermostatically controlled bath at 25 °C±0,01° and then filtered through Millipore SM 5 ju membranes. As small amounts of furocoumarins were adsorbed by the filter membrane, the first 5 ml of the filtrate of each suspension were discarded, utilizing only the second portion of 5 ml, which in this way was filtered through a saturated membrane. The radioactivities of the filtered solutions were counted to determine the amounts of the dissolved furocoumarins.
According to previous studies of other Researchers [16] [17] [18] [19] and ourselves 20-22 the amounts of the various furocoumarins which were solubilized more than in water were assumed as bound to DNA forming the molecular complexes.
Results and discussion
Fluorescence of DNA after the photoreaction with psoralen As mentioned previously, when some furocoumarins are irradiated at 365 nm in the presence of pyrimidine bases, they can give two types of photoadducts, engaging either their 3,4-or their 4',5-double bond.
The 3,4-photoadducts (Fig. 1, formulas 4 In this way we can obviously detect only the initial and final steps of a process which is analyzed in greater detail by the denaturation and renaturation curves reported in Fig. 3 . Measuring the increase of the optical density of the solution after the treatment, we practically measure the value of 6 (see Fig. 3 in DNA is plotted against the log of the "non-renaturable fraction per cent" of DNA. We can see that a linear relationship exists.
We have also examined 4',5'-dihydro-psoralen which differs from psoralen only by having the The determination of this number was possible using the tritiated compound.
After the photoreaction with this furocoumarin DNA did not change its behaviour in the previously described denaturation and renaturation experiments, as shown in Fig. 5 . Table I ; all compounds were labelled (tritiated, with the single exception of 5-methoxy-psoralen, which was 14 C).
To obtain comparable data, the experimental con- Table I . Non-renaturable fractions per cent of DNA observed after 2.5 molecules of furocoumarins per 1000 nucleotides were linked by irradiation at 365 nm and times of irradiation necessary to obtain this incorporation.
eating a different capacity of the various substances to form cross-linkings. On the other hand, we know that furocoumarins have a very different capacity to photoreact with DNA 15 and therefore the binding of an equal number of molecules to DNA is obtained after very different periods of irradiation.
To evidence whether an eventual correlation exists between these two properties, in Table I are 
Formation of molecular complexes between furocoumarins and DNA
The formation of molecular complexes between some furocoumarins (psoralen, xanthotoxin, bergapten, angelicin and others) and native DNA has been already studied employing various experimental methods 21 , some of which have led to the determination of the amount of furocoumarin molecules, which were bound to DNA in the complex. As, however, for several compounds now used (namely for the methyl-derivatives of psoralen) no data were available, we have now extended to these substances also our earlier studies on the complex formation ability.
We have determined, at controlled temperature The results now obtained are reported in Table II .
We can see that the complex formation ability of psoralen and its methyl-derivatives increases by increasing the number of the methyl-groups. From the data of Table I we see that the cross-linking formation capacity, by contrast, decreases in the same order; therefore the loss of cross-linking formation ability by introduction of methyl-groups in the psoralen molecule cannot be attributed to a loss of the ability to intercalate in DNA.
The data now obtained by contrast appear well able to contribute to the explanation of the high photoreactivity of the various methyl-derivatives of psoralen with native DNA; in fact going from psoralen to their mono-, di-and tri-methyl-derivatives we can observe (Table II) Table I , these two substances did not form cross-linkings; this fact was confirmed working out an experiment analogous to that reported for 4',5'-dihydro-psoralen (see The situation of 7-methyl-allo-psoralen is analogous to that of angelicin. e) We have previously seen that by irradiation of a DNA-psoralen combination its fluorescence decreases, but does not completely disappear after a very long irradiation, indicating that some fluorescent psoralen-moieties cannot further photoreact.
We can say now that this fact occurs when in the opposite strand of DNA, above and below the intercalated psoralen moiety, there exists no pyrimidine base, but both are purine bases.
